


PART V I 1  

DIGITAL AND HYBRID SIMULATOR COMPUTER PROGRAMS 



Pre face  

One of t h e  p r i n c i p a l  r e s u l t s  of t h i s  work w a s  a computer 

program incorpora t ing  t h e  ana lys i s  descr ibed  i n  t h e  f i r s t  book of t he  

r epor t .  

program and the  dynamics ava i l ab le  e i t h e r  d i g i t a l l y  or i n  an analog 

computer f o r  hybrid computation. 

w a s  separa ted  from t h e  main body s i n c e  i t  w a s  f e l t  t h a t  t h e  a c t u a l  pro- 

gramming and computation i n s t r u c t i o n s  would not  have as wide an audience.  

This  program contained the  c o n t r o l  computation i n  a d i g i t a l  

The program wr i teup  contained he re  

The d e s c r i p t i o n  of t he  analog computer flow and t h e  hybrid 

setup contained i n  s e c t i o n  5 - 9 were prepared by Computing and 

Software,  Inc. t o  whom we express our  apprec i a t ion  f o r  t h e i r  con t r i -  

bu t ion  t o  the  completeness of t h i s  r e p o r t .  

The d e s c r i p t i o n  of t he  d i g i t a l  program i n  s e c t i o n s  1 - 4 
i s ,  of course,  t he  r e s p o n s i b i l i t y  of The Mathematical Sciences Group. 
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. 
I .  7.1 

7.1 Description of a Computer Program f o r  Optimal Control Synthesis and 
Sate l li t e  Atti tude Manuevering Simulation. 

I. Subprogram Descriptiun 

The program is written in Fortran IV for the SDS 9300; an alter- 

nate version is acceptable to the IBM 7094. 

the various subprograms together with their approximate word length: 

Following are the names of 

"MAIN" - 1400; "INIT" - 510; "STUP" - 116; "TOR" - 1403; "REG" - 1130; 
"DTOA" - 143; "ATOD" - 66; "OUT" - 86; "RK" - 270; "DER" - 222. 

of the program may be purely dtgital, or hybrid in conjunction with the 

HYDAC 2000. 

dynamics are done digitally; in the latter, the attitude simulation 

is done by the HYDAC 2000, angles and rates being sent to the 9300, 

it determining applicable controls and transmitting these back to the 

analog computer. 

Operation 

In the former mode both the control synthesis and the 

"MAIN" is the executive branch of the program. It reads 

all input quantities, determines the mode of operation, calls upon the 

various subroutines at the proper time, does some computation neces- 

sary for initialization and ground track determination and decides 

when a run is to be terminated and a new run is to begin. 

in optional versions of the program which include sensor and elastic 

eff xts these calculations are also done in "MAIN". 

Further, 

Subroutine "INIT" does the major portion of the initializa- 

tion prior to actual execution. Input to the program is in terms of 
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latitude and longitude on the earth, whereas control is with respect 

to a coordinate system whose origin is in the satellite. "INIT" de- 

termines the initial angles and angular rates in this coordinate system. 

rlSTW" determines the elements of the three by three matrix, 

C, 

are furnished as arguments of the subroutine; the nine matrix elements 

are computed. 

referred to in the section on coordinate systems. Three angles 

"TOR" determines torques on the three principal axes which are 

caused by solar pressure and the earth's gravity gradient. 

demonstrated by a series of runs that these torques are sufficiently 

small so that they may be replaced by small constant torques without 

essential change in either angles or rates during the course of a 

single slewing maneuver. 

storages, as various additions and modifications were made to the 

It was 

Since this subroutine requires over 1400 

program it was found necessary to replace it by a dummy routine in 

order to comply with storage restrictions on the 9300. 

"REG" incorporates all normalization and logic for the deter- 

mination of control. 

"REG" is called to determine for each of the three axes whether the 

control torque should be positive, negative or zero, considering the 

weighting of the cost function parameters. 

siders the estimated arrival time of all three axes assuming these 

control policies are adopted. It then modifies these policies to 

After all angles and rates have been sampled 

"REG" then further con- 
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7.3 

prevent l a r g e  d i f f e rences  i n  arrival t i m e s  whi le  guaranteeing t h a t  

t h e  maximum o v e r a l l  t i m e  t o  reach t h e  t a r g e t  is  not  increased.  

Controls  are then t ransmi t ted  t o  "MAIN". 

"DTOA" is a d ig i ta l -ana log  i n t e r f a c e  subrout ine  which t rans-  

m i t s  t h r e e  con t ro l s  and t h r e e  d is turbance  torques  t o  the  analog computer 

each t i m e  t h e  subrout ine  i s  ca l l ed  upon by t h e  timed i n t e r r u p t .  

"ATOD" is a s imi l a r  subrout.ine t o  "DTOA", except t h a t  here  

th ree  angles  and t h r e e  angular rates are t ransmi t ted  from the  analog 

t o  t h e  d i g i t a l  computer. 

"OUT" i s  t h e  output subrout ine  which does a l l  the  p r i n t i n g ,  

"RK" does t h e  numerical i n t e g r a t i o n  of t h e  s i x  d i f f e r e n t i a l  

equat ions v i a  the  usua l  four th  order  Runge Kutta  formulas. 

e l a s t i c  e f f e c t s  a r e  included i n  t h e  program t e n  d i f f e r e n t i a l  equa- 

t i o n s  are in t eg ra t ed .  

When 

1 1 ~ ~ ~ 1 1  merely ca l cu la t e s  t h e  va lues  of t h e  s i x  o r  t e n  d e r i v a t i v e s  

involved i n  t h e  dynamics. 

complete forward s t e p .  

It i s  c a l l e d  upon by "RK" four  t i m e s  f o r  each 
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7.4 

11. Input to Ideal Model Program 

Card  1: FORMAT (215, 5F10.5) 

F i e l d  1: NA serves two purposes. I f  zero t h e  hybrid computer i s  t o  

be  used, con t ro l  being handled d i g i t a l l y  wh i l e  t h e  dynamics are 

simulated on the analog. 

d i g i t a l l y  only,  i n  which case NA i s  t h e  number of i n t e g r a t i o n  s t e p s  

t o  be  taken between samplings f o r  p o s s i b l e  c o n t r o l  changes. 

I f  p o s i t i v e  t h e  program i s  t o  be  executed 

F i e l d  2: NB is t h e  number of samplings between p r i n t o u t s .  Thus if 

NB is  1 output w i l l  be  p r i n t e d  a t  each sample t i m e ;  i f  NB i s  90000 

no output  w i l l  occur i n  a normal run. 

F i e l d s  3-5: PA, PB and PC are a l l  scale f a c t o r s  which are used i n  

t r a n s m i t t i n g  torques,  angles  and angular  rates d i g i t a l  t o  analog so as 

t o  keep the vol tages  on t h e  analog computer w i t h i n  t h e  range of t h e  

equipment. 

analog pa tch  board. The most r e c e n t l y  used f a c t o r s  were -5.0 x 10 , 
These f a c t o r s  depend n a t u r a l l y  upon t h e  wi r ing  of t h e  

3 

5.0 and 250.0 . 

F i e l d  6: 

turbance torques are t o  be c a l c u l a t e d  from t h e  sub rou t ine  "TOR" o r  

whether they are t o  be  read i n  as cons t an t s  on ca rd  6. I f  Z equa l s  

0 

i n .  

Z is  merely a dummy v a r i a b l e  t o  i n d i c a t e  whether t h e  d i s -  

t h e  subroutine is  t o  b e  used, if n o t  t h e  to rques  are t o  be  read 
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Card 2: FORMAT (9F8.5) 

F ie lds  1-3: ZI(1-3) a r e  t h e  moments of i n e r t i a  about t h e  t h r e e  p r i n c i p a l  

axes ,  t he  latest values  being 3580, 1970 and 2000 s l u g s / f t  . 2 

F i e l d s  4-6:  

p r i n c i p a l  axes, the  latest values being .08, .04 and .12 l b .  r e spec t ive ly .  

ZM(1-3) are t h e  th rus t s  exer ted  by t h e  jets on t h e  t h r e e  

F i e l d  7: AL(1) 

e n t i a l  equat ions and gives  the user t h e  c a p a b i l i t y  of removing these  terms 

from t h e  d i g i t a l  dynamics by s e t t i n g  i t  t o  zero.  

AL(1) = 1; f o r  s i n g l e  a x i s  dynamics AL(1) = 0. 

is a mul t ip l i e r  of t h e  cross-coupling terns i n  t h e  d i f f e r -  

For t h e  complete dynamics 

F i e l d  8 :  AL(2) is unused and should be unpunched. 

F i e l d  9: AL(3) is t h e  longi tuds of t h e  sa te l l i te ,  i .e . ,  t h e  s a t e l l i t e  

sub-point,  w i th  t h e  convention t h a t  a negat ive  quan t i ty  r ep resen t s  a w e s t  

longi tude  and a p o s i t i v e  an east longi tude .  

u sua l ly  been assumed t o  be over the United States, -100. has  been most 

commonly used. 

Since t h e  s a t e l l i t e  has  

Card 3: FORMAT (9F8.5) 

F i e l d s  1-9: ((ZL(I,J), J = 1 , 3 ) ,  I = 1,3) are t h e  weighting parameters 

which determine the  cos t  function t o  be minimized. The index I denotes  

t h e  axis, the  index J r e f e r s  to the  parameter being weighted, i . e . ,  

t i m e ,  f u e l  o r  energy. Although t h e  c a p a b i l i t y  f o r  independent weighting 

on d i f f e r e n t  axes e x i s t s ,  no appl ica t ion  has been made of t h i s  f e a t u r e .  
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7.6 

Thus, f i e l d s  4-6 and 7-9 are r e p e t i t i o n s  of 1-3. 

t ime opt imal  card 3 should read 1, 0 ,  0 ,  1, 0 ,  0 ,  1, 0 ,  0 .  Such a run ,  

f o r  a Mohave-Quito maneuver, t akes  131 seconds. The same run wi th  card  3 

reading 1, 2 ,  ,00005, 1, 2, .00005, 1, 2 ,  ,00005 t akes  178 seconds and 

uses  about one-half t he  f u e l .  With card  3 reading 1, 8 ,  .00005, 1, 8, 

.00005, 1, 8 ,  .00005, 1, 8,  .00005 t h e  run takes  306 seconds and uses  

For a run t o  be  s t r i c t l y  

about one-third the  f u e l .  

While i t  i s  t r u e  t h a t  t h e  weighting parameters f o r  a c o s t  

func t ion  such as t h i s  should sum t o  one, f o r  computational purposes i t  

is  no t  necessary here .  

parameters i t  i s  more f e a s i b l e  t o  f i x  two of them and vary  a t h i r d .  I t  

I n  order  t o  s tudy  t h e  e f f e c t s  of varying t h e s e  

is  reasonable  t o  set ZL(1,J) equal  t o  1 f o r  a l l  cases. I f  one wishes 

t o  s tudy  v a r i a t i o n s  of ZL(2,J) then  f i x i n g  ZL(3,J) a t  .00005 w i l l  

p e r m i t  any p o s i t i v e  va lues  f o r  ZL(2,J). However, va lues  l a r g e r  than 

10  w i l l  r e s u l t  i n  no s i g n i f i c a n t  f q e l  savings.  S i m i l a r l y ,  t o  s tudy  

zL(3,J) s e t t i n g  ZL(2,J) a t  .00005 permits  a l l  p o s i t i v e  va lues  f o r  

ZL(3,J). I n  t h i s  case  t h e  m a x i m u m  rate is l i m i t e d  by approximately 

I/-- 
Card 4: FORMAT (9F8.5) 

F ie ld  1: AX i s  used i n  t i m e  synchroniza t ion ,  t h e  f i r s t  s t e p  of which 

i s  t o  f i n d  which of t he  t h r e e  angles  w i l l  r e q u i r e  t h e  longes t  time t o  

reach the  o r i g i n .  

by AX and t h i s  product c a l l e d  TMAX. TMAX is now compared t o  t h e  es- 

The es t imated  t i m e  f o r  t h i s  ang le  is then m u l t i p l i e d  
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7.7 

t imated t i m e  f o r  each of t h e  other  angles  t o  determine whether c o n t r o l  

p o l i c y  should b e  changed t o  make a r r i v a l  times more n e a r l y  the same. 

F i e l d  2: BX is  a s a f e t y  f a c t o r  f o r  the t i m e  synchroniza t ion .  The es- 

timated t i m e  of arrival f o r  any a x i s  whose t h r u s t e r  is t o  be c u t  o f f  f o r  

t i m e  synchroniza t ion  purposes w i l l  be  a t  least  BX seconds less than  TMAX. 

F ie ld  3: 

Peg of t h e  pa th  to  t h e  o r i g i n .  10. 

XF w a s  o r i g i n a l l y  used t o  prevent  zig-zagging on the f i n a l  

i s  a good va lue  f o r  t h i s  parameter.  

F i e l d  4-6: P I B ,  ROB, Y I B  a r e  the  angles  ( i n  r ad ians )  of misalignment of t he  "B" 

system wi th  r e s p e c t  t o  t h e  

zero .  

"P" system and are normally assumed t o  be 

Card 5: FORMAT (9F8.5) 

F i e l d  1: YO is t h e  angle  o f  r o t a t i o n  about t he  po in t ing  axis 2,  i n  

deg rees ,  when t h e  body is  i n  the  hold ing  mode. T h i s  ang le  must always 

be very  small and i s  usua l ly  input as zero. 

F i e l d s  2-3: AT and ONG are t h e  i n i t i a l l y  assumed l a t i t u d e  and long- 

i t u d e  i n  degrees  t o  which t h e  s a t e l l i t e  is po in t ing  when t h e  maneuver i s  

t o  begin.  

F i e l d s  4-5: XLAT and XLON a r e  t h e  l a t i t u d e s  and long i tudes  of  t h e  

t a r g e t  in degrees.  

F i e l d  6: 

i n  t h e  i n t e g r a t i o n  subrout ine .  

DT i s  t h e  t i m e  i nc remen t ( in  seconds) which is  used as t h e  s t e p  s i z e  
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7.8 

Field 7: AE was an experimental  parameter which i s  now f ixed  a t  5. 

Its purpose is to prevent  c h a t t e r i n g  along t h e  rate l i m i t i n g  l i n e  

It sets a minimum band width f o r  which t h r u s t e r s  are t o  be c u t  o f f .  Its 

u n i t s  are radians pe r  second. 

of moment of i n e r t i a  t o  t h r u s t  before  being inpu t .  

approximately 20,000, the  va lue  5 a c t u a l l y  r ep resen t s  a band width 

of about .00025 rad€ans/sec.  

w = S. 

However i t  must be mul t ip l i ed  by t h e  r a t i o  

Since t h i s  r a t i o  is 

Card 6: FORMAT (9F8.5) - Optional 

F i e lds  1-3: T(1),  T ( 2 ) ,  T(3) are t h e  d i s tu rbance  torques i n  foot-  

pounds which a r e  used t o  r ep lace  t h e  ca l cu la t ed  torques from 

2 of card 1 is nonzero. I f  2 i s  zero t h i s  card  should not  appear. 

TOR when 

Card 7: FORMAT (9F8.5) 

F ie lds  1-3: Elevat ion misalignment angles  f o r  t h e  p o s i t i v e  axes 1-3. 

F ie lds  4-6: Azimuth misalignment angles  f o r  t h e  p o s i t i v e  axes 1-3. 

A l l  angles  are i n  degrees .  

Card 8: FORMAT (9F8.5) 

F ie lds  1-6: This card i s  t h e  counterpar t  of card 7 f o r  nega t ive  axes. 
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7.9 

111. Input for  Sensors 

The inpu t  f o r  t h e  operat ion of t h e  program wi th  sensor  real 

e f f e c t s  d i f f e r s  only i n  card 4 from t h a t  of t h e  i d e a l  model. F i e l d s  1-3 

are AX, BX and XF a s  before.  F i e lds  4 and 5 are ZKl and ZK2, 

which correspond t o  parameters Kl and K2 i n  t h e  sensor  write-up of 

t h e  t e c h n i c a l  r e p o r t ,  and a r e  cu r ren t ly  .1 and .005. Fie ld  6 is SD,  

and is  used i n  t h e  random number genera tor  t o  determine t h e  s tandard  

dev ia t ion  c u r r e n t l y  0.00063. F ie lds  7-9 are PIB,  ROB and YB, which 

i n  the  i d e a l  model i npu t  appeared i n  F i e l d s  4-6 .  

The values  of ZK1, ZK2, and SD are not  a r b i t r a r y  b u t  are 

very  much determined by s a t e l l i t e  system s p e c i f i c a t i o n s .  

SD 

t h e  appropr i a t e  GSFC t echn ica l  persons. 

Appendix F, P a r t  1 ( F i l t e r  s p e c i f i c a t i o n  (choice of K ) ) .  The va lues  

of ZK1 and Z 2  a r e  in t imate ly  involved wi th  t h e  s i g n a l  no i se  SD, 

The va lue  f o r  

has  been c a r e f u l l y  der ived on t h e  b a s i s  of o r a l  communications wi th  

That d e r i v a t i o n  i s  given i n  

t h e  sampling i n t e r v a l  6 and also t h e  modeling e r r o r s .  This  depend- 

ence is descr ibed a l s o  i n  Appendix F, P a r t  1 (computation of K.) 

Refer r ing  t o  Appendix F, P a r t  1, Fig. 3 ,  w e  can see t h e  region from 

which p o s s i b l e  (not  n e c e s s a r i l y  good) va lues  of K may be  s e l e c t e d .  

IV. Input f o r  EZast{c Ef fects  

Card inpu t  here  is  i d e n t i c a l  t o  t h a t  of t he  i d e a l  model 

through card 5. Card 6 uses  f i e l d s  1-3 f o r  t he  th ree  d is turbance  

11 



7.10 , #  

I 

torques as before.  

F ie ld  5 i s  f o r  t h e  mass of t he  boom i n  s lugs .  

cons tan t  i n  s lugs /sec2  and f i e l d  7 t h e  damping c o e f f i c i e n t ,  which i s  

dimensionless.  It should be  noted t h a t  t h e  moment of i n e r t i a  of t h e  

elastic boom is already included i n  t h e  moments of  i n e r t i a  about t h e  

p r i n c i p a l  axes.  

F ie ld  4 is  f o r  t h e  l eng th  of t h e  boom i n  f e e t .  

F i e ld  6 i s  f o r  t h e  sp r ing  

v . operating Instructions 

Several sense  switch opt ions  are a v a i l a b l e  t o  t h e  opera tor .  

When running d i g i t a l l y  sense  switch 1 may be  set, whereupon computations 

w i l l  h a l t  and a new p r i n t  frequency, 

on t h e  on-l ine typewri ter .  

1 should be r e s e t  t o  prevent  h a l t i n g  again.  

be changed any number of t i m e s  dur ing a run using t h i s  procedure.  

NB, is t o  be typed i n  FORMAT (15) 

Before depress ing  t h e  c a r r i a g e  r e t u r n  swi tch  

The p r i n t  frequency may 

Switch 2 is  used f o r  terminat ing a run and reading i n  new da ta .  

When switch 2 i s  set computations w i l l  cease, and te rmina l  condi t ions  

p r i n t e d  i f  i n  d i g i t a l  mode. 

reader  it is  only necessary t o  push t h e  c a r r i a g e  r e t u r n  t o  s tar t  a new 

run. 

Af te r  i n s e r t i n g  new d a t a  i n t o  t h e  card  

When operat ing i n  t h e  hybrid mode when t h e  sa tel l i te  h a s  

reached i t s  target c o n t r o l  w i l l  be c u t  o f f ,  and no communication i s  

poss ib l e  between HYDAC and t h e  9300 u n t i l  a t  least one p l o t t e r  pen has  

been removed f rom t h e  o r i g i n  and then  switch 3 set. 

w i l l  resume a t  t h i s  t i m e .  

Hybrid ope ra t ion  

12 



7.11 

S e t t i n g  sense swi t ch  4 al lows one t o  type i n  YO, AT, ONG, 

XLAT and XLQN i n  FORMAT (5F5.3) a f t e r  a l l  d a t a  c a r d s  have been read 

i n .  These typed va lues  w i l l  overr ide the  corresponding va lues  a l r e a d y  

read i n .  However, t h i s  must take p l a c e  a t  t h e  beginning o f  a run b e f o r e  

i n t e r n a l  looping has  begun. 

I n  a l l  d i g i t a l  runs when t h e  t a r g e t  i s  reached t e rmina l  con- 

d i t i o n s  w i l l  be p r i n t e d  on t h e  on-line p r i n t e r  and "PAUSE 16" w i l l  

appear on t h e  typewr i t e r .  I n s e r t i n g  a new se t  of d a t a  and pushing t h e  

c a r r i a g e  r e t u r n  w i l l  s t a r t  a new run. 

cond i t ions  are p r i n t e d  computations w i l l  cease and 

w i l l  b e  typed. 

c a r r i a g e  r e t u r n .  

I n  hybrid runs a f t e r  i n i t i a l  

"SET ANALOG - PAUSE 11" 

After  s e t t i n g  up the HYDAC t h e  run  i s  i n i t i a t e d  by the 
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SAMPLE DIPUT FOR HYBRID RUN (LDEAL MODEL) 

1 1 1 1 

I 

f w . 

n 

1 1 1 

.I 1 1 

o o ~ , , , ; o o o ~ ~ ; , , o o o , , . - , o o o o o o o o o o ~ o o o o o o o o o o o o a o o o o o o o o o o o o o o o o o a a o o a o o o o o o o o o o o  
1 1 1 1 1 1 1 ; 1 1 1 1 1 1 1 ,  l l l l l l l " - l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ~ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ~ 2 2 ~ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

3 1 3 3 3 3 3 3 3 , 3 3 3 3 3 3 3 , 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 ~ 3 3 3 3 3 3 3  

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ~ ~ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ~  

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5  

~ l l l l l l l l l l l l ~ l l l l l l ~ l l l l l l l l ~ l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l ~ ~ l l l l  

a - a 8 a 8 a a a C a a a a a a a  a a a a 8 8 a a a a 8 a a a a a a a a a a ~ a a ~ a a a a a a a ~ 8 a a a a a a a a a a a a a a a ~ a a ~ ~ a a a 0 0 a a a  

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 ~ 9 9 Y 9 9 9 9 9 9 9 9 Y 9 9 9 9 9 9 9 ~ 9 9 9 9 ~ 9 9  

1 2 3 4 5 6 7 3 I IO 11 12 13 I4 15 16 I7 I8 19 20 il 22 23 24 25 26 27 28 29 30 31 32 U 34 35 36 37 I) 39 40 41 42 43 U 45 46 41 48 49 50 51 52 9 5: 55 56 57 53 59 60 61 62 63 64 65 66 67 611 69 10 I1 I?  T )  I4 75 76 7l 78 79 1 s  

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ,  

I 2 1 4 5 6 1 (I 9 IO I1 12 13 I4 I5 16 IJ 18 I9 20 21 2221 ?I 25 26 27 111 29 30 31 12 I1 J1 15 36 17 18 39 40 41 (( 43 44 45 4 6  4; 48 43  $0 5 1  :1 51 54 ',', '7, ? I  38 5 Y  611 6 ,  L) 1,: 64 l', hb b i  bd IrS dl I /  I t  IJ I4 i', A> 11 I 8  I 9  err 
mI I *nq  - .. 
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SAMPLE INPUT OF ELASTICITY RUN (DIGITAL) 

i 1 1  1 1 . 

1 

n . t 0 7 n n . 

.7 1 1 7 

o o , , , , , o o o  , , ,ooo,, ,  , 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0  

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 c 2 2 2 2 ? 2 2 2 2 2 2 2 2 2 2 2 2 ~ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 ~ 2 2 2 2 2  2 2 2  

3 , 3 3 3 3 3 3 3 , 3 3 3 3 3 3 3 , 3 3 3 3 3 3 3 3 3 3 , 3 3 3 3 3 ~ 3 3 3 3 3 3 3 3 3 3 ~ 3 3 3 3 3 3 ~ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 ~ 3 3 3 3 3  

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 , ~ 4 4 4 4 4 4 4 4 4 4 ~ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 ~ 5 5 5 5 * 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 m 5 5 5 5 5 5  

7 l l l l l l ~ l l l ~ l l l l l l l ~ l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  

9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 - 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 Y 9 9 9 9 9 9 9 3 9 ~ ~ 9 9 9 9  

I 2 3 4 5 6 1 8 9 IO 11 12 11 14 I5 16 17 18 19 20 21 22 2 1  24 25 26 2J 28 29 30 31 32 3 1  14 35 16 31 38 19 4 0  41 42 4 3  U 45  4 6  41 4 0  43 50 51 51 51 S t  55 56 57 58 19 60 61 67 63 64 65 56 61 $9 69  13 (I 72 13 74 I5 76 7 J  ’8 19 8 

1 1 1 I 1 1 1 , 1 1 1 1 1 1 1 ~ 1 1 1 1 l l l ~ l l ~ l l l l l l l ~ l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  I 1 1 1  

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ~ 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 ~ 6  

t 7 J 4 5 6 1 8 9 I O  I I  I) 11 I4 5 ih I 18 19 r l  iI ?2 23 24 2 5  26 27 :R 29 10 31 32 J J  34 35 16 J7 38 33 40  41 + I  4 3  44 4 5  4 6  I 1  4R49 50 51 52 51 :I 5 5  5 5  ‘ I  38 5 9  50 LI 67 61 64 h‘ 5 5 R b? JO ” 1 1 3  I S  I Tz i 3 33 

_ -  __ -  -- [ T i i P r l l  _ _ _  
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7.12 ’  

OUTPUT 

Input from cards  7 and 8 are p r in t ed  f i r s t  i n  t h e  same order .  

Two 3x3 matr ices  a r e  then p r i n t e d ,  t hese  being m u l t i p l i e r s  corresponding 

t o  p o s i t i v e  and negat ive  c o n t r o l  torques.  I f  w e  refer to  t h e  elements 

then l e t  A i j  2 of t he  f i r s t  mat r ix  as Aijr  and those of t h e  second as 

A i j l  i f  ui b 0 

A i j 2  i f  ui < 0 , 
b =  
i j 

where Ui is t he  c u r r e n t  c o n t r o l  to rque  f o r  axis i. The e f f e c t i v e  

c o n t r o l  torque Ui i s  then given by 
- 

3 

Following a page eject t h e  o t h e r  i npu t  parameters  appear  as 

follows. 

Line 1: A l l  weighting f a c t o r s  ( (U( I , J ) , J=1 ,3 ) ,1=1 ,3 )  

Line 2: Yaw ang le ,  i n i t i a l  l a t i t u d e  and long i tude ,  t a r g e t  l a t i t u d e  and 

longi tude ,  angles  p , Y  and n i n  t h e  BS system, DT. 

Line 3: AX, BX XF, AE. 

Line 4: T(1-3), followed by t h e  sca led  torques  f o r  W A C .  

The body of t h e  run  appears  n e x t ,  and f o r  t h e  i d e a l  model i ts  

format fol lows.  

Line 1: Time, P ,  Y ,  T ,  w l ,  w 2 ,  w3,  l a t i t u d e  and long i tude  of t h e  

point ing vec to r .  

16 
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Line 2:  P ,  Y ,  T, u1, w2, w3. 

Line 3: Control torques (ul, u2 ,  u3) ,  T ( 3 )  , normalized p , normalized 

W1' s*  

The body of a run  w i t h  sensors  has  i d e n t i c a l  l i n e s  1, 2 ,  and 3 

as t h a t  of  an i d e a l  model run. An a d d i t i o n a l  l i n e  appears ,  however, 

which conta ins  f i l t e r e d  angles  P ,  Y ,  T, est imated wl,  w2, w3 and 

u n f i l t e r e d  noisy angles  p, Y and 7 ~ .  

The body of an e l a s t i c  run has  t h e  fol lowing appearance. 

Line 1: T i m e ,  p, Y ,  n, wl, w2, w3, q1 and q3, (displacements of t he  

3' po in t  m a s s  wi th  respec t  t o  axes  1 and 3 ) ,  

Line 2:  b y  Y ,  I?, GI, G2, G 3 ,  41, i,, ti3 and ti3. 

Line 3: XM, XL, D(13)-spring cons tan t ,  D(14)-damping c o e f f i c i e n t .  

4, and 4 

Line 4 :  ul, u2, u3, ground t rack  l a t i t u d e  and longi tude .  

17 



7.14 

7.2 Ver i f i ca t ion  I n f o m a t i o n  

7.2.1 Introduction. 

An integral p a r t  of t h e  cons t ruc t ion  of any d i g i t a l  program is 

the  checkout. This involves  e s t a b l i s h i n g  t h a t  t h e  formulae which r ep resen t  

t h e  a n a l y s i s  have been c o r r e c t l y  mechanized and a l s o  v e r i f y i n g  t h a t  t h e  

a n a l y s i s  i s  t r u e ,  perhaps by showing t h a t  i t  works f o r  s imple cases such as, 

i n  our  program, s i n g l e  a x i s  s l e w s .  

A great  v a r i e t y  of experience with t h e  program, only a p o r t i o n  of 

which is described i n  the two p a r t s  of t h i s  r e p o r t ,  has given us g r e a t  

confidence t h a t  it s imula t e s  t he  motion c o r r e c t l y .  P a r t  of t h i s  confidence 

stems from t h e  modular cons t ruc t ion ,  enabl ing 

rou t ines  i n  many places .  

7.2 . 2  Eu le r A n g  l e  Ca lcu Za ti om. 

An elementary test  f o r  i n i t i a l  cond 

us t o  use  e s t a b l i s h e d  

t i o n  c a l c u l a t i o n  invo 

sub- 

ves t 

s ing le -ax i s  r e l a t i o n s .  That i s ,  t h e  computation of t h e  Euler  ang le s  

('br, 'br' br 

perturbed. 

e ) of t h e  body i n  t h e  t a r g e t  system when only one ang le  is 

T h i s  procedure works, f o r  i n s t a n c e ,  when t h e  sa te l l i t e  p o i n t s  

t o  i ts  subpoint w i th  no yaw and t h e  t a r g e t  l i e s  i n  t h e  e q u a t o r i a l  plane,  

f 0 .  'br 

Figure 7.2.1 shows 

I s i n  8 -1 - t a n  T s i n  8 -1 
'br K - COS 8 

= t a n  
I K - COS e T 

where eT is  target long i tude ,  p o s i t i v e  east of Greenwich. 

eI 
K = 6.610808, t h e  r a t i o  of t h e  o r b i t  r ad ius  of a synchronous 

i s  i n i t i a l  l ong i tude ,  p o s i t i v e  east of Greenwich. 

R sa t e l l i t e  t o  t h e  r ad ius  of t he  e a r t h ,  = y . 
e 

18 
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7.15 

and 

Therefore ,  only t h e  b a s i c  curve e(e,,O) 0 $ eT ,< 90 is r e a l l y  necessary.  

For l a t i t u d e  ca l cu la t ions ,  no te  t h a t  

For check purposes,  s eve ra l  p o i n t s  on t h e  curves were computed by 

t h e  machine and marked wi th  

l a t i t u d e  and longi tude.  

x ' s ,  t h e  c a l c u l a t i o n s  being done both  i n  

A more d e t a i l e d  ana lys i s  f o r  t h r e e  a x i s  freedom w a s  then per- 

formed. I t  checks e x p l i c i t l y  only t h e  c a l c u l a t i o n  of the  i n i t i a l  e u l e r  

angles  ($, $,e)br  

l a t i t u d e  and longi tude ,  i n i t i a l  "yaw" angle  y ,  and t h e  longi tude  of t h e  

s a t e l l i t e  subpoint .  Actual ly ,  however, t hese  checks are  r a t h e r  more 

as determined by t a r g e t  l a t i t u d e  and long i tude ,  i n i t i a l  

19 
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comprehensive, s ince  t h e  c a l c u l a t i o n s  are performed i n  a subrou t ine  which 

is used elsewhere i n  the  program. 

The following procedure w a s  followed i n  checking the  t ransformations.  

The pe r t inen t  formulae were der ived by persons not  involved i n  

t h e  o r i g i n a l  p r o b l e m  d i f i n i t i o n .  These formulae were programmed on a small 

d i g i t a l  computer using a non-Fortran language and no t  r e f e r r i n g  t o  t h e  code 

p resen t ly  used i n  t he  s imula to r .  

Then a number of s p o t  checks were run and t h e  r e s u l t s  compared 

with those from t h e  s imulator .  These r e s u l t s  a p p e a r  i n  Table 7 . 2 . 1 .  

The formulae used i n  t h e  s m a l l  computer are: 

T cos $ s i n  0 T - 
t a n  0 = 

T 
K - COS 4 COS 0 

T 
rs 

sin$, 
t an  @ = L 

rs cos 0 (K-cos C$ cos 8 )-cos OTsin BTSinOrs rs T T 

$T = t a r g e t  l a t i t u d e  

€IT = t a r g e t  l ong i tude  

K = 6.610808 r a t i o  of synchronous o r b i t  r a d i u s  t o  

e a r t h  r ad ius .  

a re  t h e  p i t c h  and r o l l  angles  through which t h e  S 'rs, 'rs 

system must be r o t a t e d ,  p i t c h  ( 0  ) f i r s t ,  t o  a l i g n  wi th  t h e  R ( t a r g e t )  

s y s t e m .  

rs 

I cos $ s i n  0 I t an  8 = - 
I Is  cos @I COS e 

I s i n  $ 

Is I I I I 
tan @ = 

Is Is COS e (K-cos Q, COS 8 ) -cos $ s i n  e s i n  0 

20 
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Cb = I n i t i a l  l aEi tude  I 

T = Ti t i t i a l  lonc' tude.  

4 :rt t h e  p i tch  and r o l l  angles  through which t h e  S " I s ,  41s 
system must be r o t a t e d  t o  ?oint a t  t h e  i n i t i a l  l a t i t u d e  and longi tude  

and maintain minimum angle  between t h e  body 3-axis and nor th .  

W e  now assume an a r b i t r a r y  r o t a t i o n  of - y t akes  p l ace  about 

t h e  body 2-axis.  This r o t a t e s  t h e  t h r e e  a x i s  ou t  of a plane def ined  by 

t h e  s a t e l l i t e  cen te r  and a north po in t ing  vec to r  through t h e  t a r g e t ,  and 

thus  inc reases  t h e  angle  between t h e  p o l a r i s  sensor  and no r th .  

This w i l l  no t  be  the body yaw because yaw i s  t h e  second e u l e r  

angle .  This  i s  t h e  yaw angle  of  a second set of e u l e r  angles .  

w e  can d e f i n e  Using t h i s  yaw angle along wi th  eIs and + I S  

a new set of  angles  

body wi th  respect t o  t h e  S system inc luding  t h e  yaw angle  y. 

'bS, qbs, and @bs which are t h e  e u l e r  angles  of t h e  

These are given by: 

-1 Jibs = s i n  ( s i n  y cos  $ ) 

+,, = s i n  ( s i n  @ /cos qbs) 

Is 

-1 
Is 

% S = s i n - l c s i n  e is cos y - s i n  y s i n  + Is cos OIs)/cos qb). 

Having t h e  e u l e r  angles of t h e  body with respec t  t o  t h e  S 

system and of t h e  R system with r e spec t  t o  t h e  S system, w e  can so lve  

f o r  t h e  e u l e r  angles  of t h e  body wi th  respect t o  t h e  R-system. 

These are:  

= s i n - l c i n  +rscos $bssin(e  - 8 ) + cos + rs s i n  J~ 'b r rs bs 

- s i n  4 s i n  + s i n  JI s i n r e  - e b s ) ) /  cos $b rs bs b s  rs 

2 1  



7.16 

Theoret ical  Fnvest igat ions show t h a t  t he  l a r g e s t  yaw (y ) b r  

which can occur "na tura l ly"  ( i n i t i a l  yaw zero)  i s  i n  magnitude less than  

2.3'. 

occurs  on t h e  Quito-Mojave maneuver. 

0 Notice that the la rges t  va lue  appearing here  i s  about 0.8 and 

Since both of t hese  c a l c u l a t i o n s  were c a r r i e d  out  on d i g i t a l  

A computers, i t  i s  proper t o  ask why even small d i screpancies  appear.  

poss ib l e  source is t h e  d i f f e r e n t  computers and d i f f e r e n t  i npu t  rou t ines .  

However, w e  f e e l  t h a t  t he  p r i m a r y  cause is  a poorly chosen formula used 

i n  the  checks - i . e . ,  t h e  s imula tor  is  probably more accura te .  (Use of 

i nve r se  cos ine  i n  the  v i c i n i t y  of e = 0.) 
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7.22 

.'T A I = g  L g  
0 

which agrees  with t h e  equations 2) and 3) i n  Appendix C. 

To check t h i s  work f u r t h e r  t h e  t ransformations between t h e  MSG 

and (3652) systems were s u b s t i t u t e d  d i r e c t l y  i n t o  (C2) and t h e  same 

r e s u l t s  were obtained i n  t h e  MSG system. 

II. Torque Calculation. 

From (3652) w e  have 

TbT - B = -  [v,, U y ,  U$I  , so 

sin" COSY s i n $  cosy cos+ 1' b =-I- 0 - cos$ s i n $  

l l  L 
0 "_I 

o r  

Tb = - 

- 1 0 0 1 

s i n  Q s i n  Y m - cos $ - 
cos Y cos Y 

cos 0 
cos Y cos Y 

s i n  Y cos 4 sin $ - 

This checks equat ion 11) of the Appendix C, compared with (C7) of (3652) .  

Ue = 21  a (cos e cos Y )  + 21 a (- cos e s i n  $ s i n  Y 

- s i n  e cos $1 + 21 a ( s i n  e s i n  $ - cos e cos $ s i n  Y )  

11 1 22 2 

33 3 

25 



7.21, , 

7.2.3 Veri f ica t ion  o f  Gravity Gradient Torques 

Our f i ? : s t  t a s k  is  t o  v e r i f y  t h a t  t h e  c o r r e c t  equat ions are 

used. To do t h i s  v?  compare NASA TN D-3652 with Appendix C. 

I .  foment of {vzertia Calculation 

On page 33 of 3652 appears t h e  equat ion 

2 
= I  a 2 + 1  a 2 + I Z z a 3  + 2 1  a a  + I o  xx 1 YY 2 xy 1 2 

2 1  xz a 1 a 3 + 21yza2a3 , (C2) 

which r ep resen t s  t he  moment of i n e r t i a  about t he  l o c a l  (geocen t r i c )  

v e r t i c a l  i n  terms of t h e  body system moments of i n e r t i a .  

The vector  [0, 1, 01 is  t h e  l o c a l  v e r t i c a l  u n i t  v e c t o r  i n  t h e  

MSG S-system. 

Referring t o  Appendix G w e  f i n d  t h a t  t h e  l o c a l  v e r t i c a l  u n i t  

vec to r  i n  t h e  MSG body s y s t e m  w i l l  be 

bs s i n  0 cos J, 
I bs 

A I  

g = j - s i n  0 s i n  4 s i n  Q + cos ebs cos 4 bs b s  bs  b s  
I 

! 

bs I 

- cos 0 s i n  41 - s i n  0 s i n  Q cos 4 bs b s  b s  bs  
I - 1 -  

26 
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+ 21 - ( z . ( - -  ccse s i n 4  s iny  - sine cos$) + a2(cose COSY))  1L _ _  

(a  (- cos0 cos6 sinY -L s in3  s5-1:) + a (cos8 COSY)) 

( a  (- cos3 cos$ s i n y  + s i n e  sin_ ) + a (- case s i n 4  sinY-sin8cos6)) 

-t 2113 1 3 

+ 2 1  23 2 3 

uY = L - . , ~ ~ ~ ( -  n T  s i n 8  sinY) + 2 1  a (- s i n e  s i n 4  cosy) 22 2 

+- 2133a3(- s i n e  cos6 COSY) + 2 1  (a (- s i n e  s i n $  cosy) 
1 2  1 

+ a (- s i n e  s iny ) )  + 21 (a (- s i n e  cos$ COSY) 2 13 1 

+ a (- s i n e  s iny )  + 21 (a (- s i n e  cos$ COSY)  + a (-sine s i n 4  cos%')) 3 2 3  2 3 

u = 2 1  a (- s i n e  cos$ s in"  - case s i n $ )  $ 22 2 

+ 21 a ( s ine  sin4 s i n y  - case cos$) 
. 33 3 

+ 2 1  a (- s i n e  cos4 sin"  - case s i n $ )  1 2  1 

+ 2 1  a ( s in8  s in4 sin'+ - case cos+) 13 1 

+ 2 1  ( a  ( s ine  sin$ s in"  - case cos$) 23 2 

+ a (- sine cos$ s i n y  - case s i n $  1) 3 

T = + [Illala3 - I 33 a 1 a 3 + I 1 2  a 2 a 3 '13 (a 3 2-a12) + ~ ~ ~ ( - a ~ a ~ ) ~  
b2 r 

(a  a 11 i- '23 1 3  

This checks the torque equat ions.  Remember, however, t h a t  

Y whereas t h e  running b s '  b s '  'bs) '  

b r )  * 

( e ,  Y ,  4 )  appearing i n  I) and 11) are (e  

ang le s  of t h e  s imulat ion are ('jbr,'"br, 4~ 
27 
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? 

III. Ahrnerical C t  .ecks. 

Having e s t a b l i s h e d  t h a t  t h e  equat ions  are c o r r e c t ,  we must 

v e r i f y  t h e  programming. To t h i s  end a program w a s  w r i t t e n  on our  t e rmina l  

and the  r e s u l t s  compared w i t h  t h e  s imula tor .  

h a r b i t r a r y  ca.2e was s e l e c t e d  wi th  

= -.072248 'br 

'br 

'br 

= .17572 

= -.029535 

= .064267 4rs 

e = .036348 rs 

This  gave 

= -.0353552 

= .17453 

= .0283034 

'bs 

'bs 

'bs 

Using a p r i n c i p a l  axis body system wi th  moments of i n e r t i a  

Ill = 2686 

122 = 1846 

133 = 1617 , 

both programs gave t h e  same g r a v i t a t i o n a l  to rques  

T1 = -1.10678 E-7 

T2 = 1.44113 E-8 

T3 = -3.71911 E-7 . 

28 
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7.2.4 Veri f icat ion of Solar Pressure Perturbations 

Our o b j e c t  is t o  review t h e  a n a l y s i s  appearing i n  Appendix B and 

t o  e s t a b l i s h  t h a t  t h e  mechanization of t h a t  a n a l y s i s  i s  c o r r e c t .  

The phys ica l  assumptions are f a i r l y  s tandard.  The behavior of t he  

photons i s  considered t o  be t h a t  of small par t ic les  with momentum determined 

by t h e  frequency. 

from a smooth surface.  

i s  a necessary approximation t o  b r ing  t h e  geometry of t he  problem wi th in  reason. 

Thus momentum is t r a n s f e r r e d  by absorpt ion o r  by r e f l e c t i o n  

The approximation of t h e  sa te l l i t e  by a paraboloid 

Each equat ion i n  t h e  abso rp t iv i ty  s e c t i o n  w a s  checked and changes 

made where necessary (mostly minor typographical changes). For a check on the  

magnitude and s i g n  of t h e  torque, t h e  a b s o r p t i v i t y  torque w a s  ca l cu la t ed  f o r  

t h e  r a d i a t i o n  beam coming i n  a t  90" (6 = 90") t o  t h e  a x i s  of symmetry of t he  

paraboloid as follows. 

f o r  any two bodies c a s t i n g  t h e  same shadow, w e  may c a l c u l a t e  t h e  torque using 

Since the f o r c e  due t o  absorbed photons is t h e  same 

a parabola i n  the  yz plane. 

29 
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I fo rce  a r e  a l l  ou t  (>f t5e 9age). Other  torques about t h e  o r i g i n  are zero  by 

2 
The equat ion oT the  parabola  i s  z = L - YY . 
dF = (2ydz)S. where S is t q  s,Lar cons tan t .  The element of to rque  about 

t h e  y a x i s  i s  c ' * ~  = zdr- ar,d .s positive ( s ince  x ,  t h e  incoming beam, and t h e  

%e element of f o r c e  is  

I s y m m e t r y .  Thus: 

I t h e  parabola i n  the las t  f i g u r e  is revolved about t h e  z a x i s  w e  have t h e  given 

paraboloid.  
> 

i The x axis i s  ou t  c f  t h e  page and t h e  b vec to r  ( u n i t  vec to r  from 

T = 2s yzdz a 
' 0  

C '  

changing v a r i a b l e  t o  u = (R-z)/y, w e  i n t e g r a t e  t o  

2 R-z ) 3 / 2  2 2 R-z 512 R 
T = 2 S [ -  -y!L( 7 +gy(--)  1 
a 3 Y 0 

o r  

Taking t h e  l i m i t  as 6 -+ 90" f o r  t h e  l a s t  equat ion i n  T on p. 161 of t h e  MSG a 

r e p o r t ,  w e  ob ta in  the  same r e s u l t .  For the  a c t u a l  dimensions of t he  s a t e l l i t e  

-8 2 -6 and.S = 9.4 x 10 pounds l f t  , t h i s  i s  approximately T = 7.9 x 10 foot-pounds. a 

The s ign of any a b s o r p t i v i t y  torque i s  always p o s i t i v e  o r  zero.  I f  

t h e  sun t o  t h e  s a t e l l i t e )  makes an acute  angle  wi th  t h e  p o s i t i v e  x axis and y 

is normal t o  b (de f in i t i on  of x and y axes) .  Since t h e  f o r c e  i s  i n  t h e  

d i r e c t i o n  of b y  the torque  about t he  y axis i s  always p o s i t i v e  o r  zero.  The 

> 

> 

torque i s  zero  when e i t h e r  t h e  upper o r  lower su r face  of t h e  parabolo id  i s  

f u l l y  i l lumina ted  by symmetry of t he  shadow on t h e  z = 0 (or  z = !L) plane.  

The torque becomes zero when t h e  sun 's  rays  are j u s t  tangent  t o  t h e  lower l i p  
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dz of t h e  ?ara3ololc:. ?o,ferring to  t h e  preceding EigJre, we may e v a l u a t e  - 
at  t h e  p o i n t  (y.;’ 7 <- 
ang le  5 c r i t  is b e t w z  :‘-e 7 :.is and :he inconing beam s o  t h a t  

dY 
= 2 6  . The dz 

A t  t h a t  po in t  -1 c-:. 
7---- 

, i  ,, ? ) .  
z=o 

Another c r i t i c a l  angle  i s  oStained f r cm t h e  p o i n t  (+my 0) equal  t o  1~ - Gcrit. 

Thus T i s  non-zero o n l y  f o r  a 

6 c r i t  6 < TI - Gcrit . 
To check t h e  fac t  t h a t  non-zero T 

3 t h a t  a l l  terms i n  

are p o s i t i v e ,  n o t e  i n  Appendix B ,  sect .  

are p o s i t i v e  w i t h  t h e  p o s s i b l e  exception of 

a 

Ta 
2 2 t a n 2  6 II 8/15 - !L/y 4 / 1 5 .  Using t h e  smallest va lue  f o r  t a n  6 = tan2 Gcrit 

and t h e  a c t u a l  dimensions of  t h e  sa te l l i t e ,  w e  see t h a t  t h e s e  terms are a l s o  

p o s i t i v e .  

Each equat ion i n  t h e  r e f l e c t i v i t y  s e c t i o n  w a s  checked. There are 

f o u r  cases occuring i n  the  r e f l e c t i v i t y  s i t u a t i o n  depending upon t h e  rela- 

t i o n  of 6 t o  6 c r i t .  These cases may be summarized. 

I1 luminat ed Il lum. of Illum. of - Case 6 range - from Upper Surface Lower Surface 

I (0,  G c r i t )  Below None Complete 

I1 (bc r i t ,  5) Below P a r t i a l  P a r t i a l  
TI 

TI I11 (7, TI - Gcrit) Above P a r t i a l  None 

IV (T  - Gcrit, TI )  Above Complete None 

To determine t h e  magnitude of t h i s  torque,  w e  w i l l  determine t h e  

maximum va lue  and t h e  s i g n s  for case I. For t h i s  case, w e  i n t e g r a t e  t h e  

equat ion i n  Appendix B ,  s e c t i o n  5 over even l i m i t s  x = -6, x1 = +m. 
0 

2 
Since t h e  l i m i t s  are even, on expanding (2yxsind + cosd) 
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w e  see t h a t  m l y t h e  c r o s s  term 4yxsin6 cos6 makes any con t r ibu t ion .  

f e r en  t i a t  ing  

D i f -  

T = (-4S)(Zysin26) x[2v2x3-x(2yR-1)+2y 2 2  xy Jdxdy 
c I c I c I  1: 

-4gy ' 0  1+4yL (xL+yL) 

where w e  have subs t i t u t ed  2sin6 cos6 = sin26 and s ign(cos0)  = -1 ( f o r  il- 

lumination from below, case I). 

The i n t e g r a l  i n  t h e  las t  equat ion is over h a l f  of t h e  base circle. 

2 2  2 We may transform t o  po la r  coordinates  r = x + y , x = r cos0 t o  ob ta in :  

' 0  J o  

Since 1-2yR > 0 f o r  t h i s  paraboloid,  t h e  s i g n  of T 

case I). 

f o r  case I s i n c e  45" d 6 c r i t  L- 66.6"). 

with amplitude determined by t h e  last i n t e g r a l  above. 

is always nega t ive  ( f o r  r 
The maximum va lue  of T w i th  r e s p e c t  t o  6 is at 6 = 45" (allowed r 

Thus f o r  case I, Tr is a s i n e  func t ion  

This l a s t  i n t e g r a l  may be i n t e g r a t e d  e x p l i c i t l y .  I n t e g r a t i n g  

2 71 2 2  cos 0dB w e  obtain - Changing v a r i a b l e  t o  u = l+4y r , we have 2 -  

r1+4yR A 

Tr = -4Snysin26 [2Y 2 ( 2 u-1 1 2 + (1-2Y&)( 2 U-1 11 du/8yL 
J l  4Y 4Y 

o r  

n 
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Thus 

or 

1 1  1 1 2 1  = - -  ST - sin26 [ - (Rn(1+4y!t)-2(4yR) + 7(1+4y!L) - 7 ) 8Y2 Tr 2 Y  

+ ( 9 ) (-Rn(l+4yR) + 4yR) I 
4Y 

SlI 2 2  Trlmax = - [(-1+4yR)Rn(l+4yR) + 4yR - 8y R 3 . 
1bY3 

For this paraboloid: 

lTrlmax = 1.83 x ft-pounds. 

Since yR L. 4.696 x is small compared to one, we can get an in- 

teresting approximation to IT Imax. 

y Q powers, we obtain 

Expanding the Rn term and retaining r 
2 2  

2 
sT(Jalv)2R . STR 

Y 
(Trlmax = - = 

Now 

depth. Thus 

is the radius of the base circle for the paraboloid and Q is the 

lTrlmax SV C 

where V 

the paraboloid and has the same axis of symmetry. 

is the volume of the right circular cylinder which circumscribes 
C 

This approximation gives 

lTrlmax = 2.16 x ft-pounds. 

The value of T integral for case IV is the negative of that for r 
case I. Since sin26 is also negative for case IV, we have that T for r 

3 3  



.' 
case IV i s  always nega t ive  and t h a t  t h e  same va lue  of (Tr imax is v a l i d .  

Since IT I f o r  case I is  decreasing as w e  approach t h e  case 11 region (and a r 
s i m i l a r l y  f o r  I V  and 111), t h e  above value of IT lmax appears  t o  be t h e  m a x i m u m  

f o r  a l l  6. 

Nwna2YicaZ checks. 

r 

In  order t o  check t h e  numerical r e s u l t s  f o r  t h e  s o l a r  torques com- 

puted by t h e  s imulator  program, several th ings  w e r e  done. F i r s t ,  t h e  absorp- 

t i v i t y  torque (T,) and t h e  r e f l e c t i v i t y  torque (T,) were ca l cu la t ed  

sepa ra t e ly ;  second, c e r t a i n  formulas (described below) were re-programmed 

f o r  t he  remote console a t  MSG and t h e  r e s u l t s  compared wi th  those  of t h e  

s imula tor  program; t h i r d ,  t h e  checks previously discussed i n  t h i s  write-up were 

appl ied t o  t h e  numerical r e s u l t s .  

The equation used on t h e  remote console f o r  T is: a 

X 
1 

2 2  
4y t a n  6 

I t28 2 t 4 -I 1 1 
2 2  t a n  6 - -- 

l5 30y t a n  6 [15 

The four  cases occurring f o r  r e f l e c t i v i t y  are t r e a t e d  according t o  

Table 7.2.4.1 where the  func t ions  t h e r e i n  are def ined as fol lows:  

.X. 

where x xl, 6 are  cons tan ts ,  yo, y1 are func t ions  and 
0' 
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-1 Y ] t a n  
2y 'X% (2y R- 1) 1 

h(x,y(x))  5 

4Y2 I= /- 

J 4,' 

The angle c1 between the plane of the satell i te 's  o r b i t  and the 

plane of t h e  e a r t h ' s  o r b i t  w a s  a r b i t r a r i l y  set a t  20.5" and a s e l e c t e d  set 

of d a t a  a p p e a r s  i n  Table 7.2.4.2. The angle  (3 i n  t h e  t a b l e  i s  equal t o  t h e  

ang le  of t h e  s a t e l l i t e  as i t  t r a v e l s  around t h e  e a r t h  i n  i t s  o r b i t  (8  

being the  po in t  c l o s e s t  t o  t h e  sun).  The r e l a t i o n  between 8 and 6 f o r  t h i s  

case i s  cos6 = - cos 20.5' cos e . 

s e  

= 0' se 

se 

se  

We see from Table 7.2.4.2 t h a t  t h e r e  is b a s i c  agreement between t h e  two 

sets of r e s u l t s .  The maximum percentage e r r o r  Setween the  two runs i s  about 

3%. 

i n t e g r a t i o n  subrout ines  used. 

a 
The d i f f e r e n c e s  are probably due t o  t h e  d i f f e r e n t  machines and d i f f e r e n t  

For o t h e r  checks mentioned i n  t h i s  write-up, no te  t h a t  t h e  absorp- 

-6 t i v i t y  torque T a t  6 = 90" ( e  = 90") is T 7.9 x 10 ft-pounds. W e  

see t h a t  t he  non-zero T 

range 

a s e  a 

is  always p o s i t i v e  and t h a t  T i s  zero ou t s ide  of t h e  a a 

6cr i t  = 66.6 6 6 I 113.4' 

(64.90 I e 6 115.10) . se 

The r e f l e c t i v i t y  torque maximum approximately checks I T I max = 1.83 x 10 -4 
r 

and occurs  near  S = 45"(Ose = 41.4'). The T torques are always nega t ive  f o r  0 r 
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I '  

cases I (0 6 < 65.6") and IV (113.4 < 6 < 180") i .e. ,  I (115.1 < eSe < 180') 

and IV (0 < O s e  < 6 4 . 9 ' ) .  0 
Fj-gure 7 .2 .4 .1  is  a p l o t  of t o t a l  torque T = 0.75 Tr + 0.25 T ve r sus  a 

e = 180" -6. 

and T = 0.75 T . 
constant  times the  sine func t ion  sin26. 

I n  the ranges 0 < 0 < 66.6 and 115.1 < 8 <I 180', T i s  zero a 

Thus w e  see t h a t  t h e  T c k v e  i n  t h e s e  ranges i s  indeed a r r 

It appears t h a t  a very good way t o  e n t e r  t h e  s o l a r  torques i n  the  

f u t u r e  would be by means of an approximating curve. 

From reviewing t h e  t abu la t ed  d a t a  and from applying t h e  o t h e r  checks 

mentioned i n  t h e  write-up, i t  appears t h a t  t he  equat ions i n  t h e  MSG r e p o r t  

a r e  c o r r e c t  and have been c o r r e c t l y  programmed. 
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O s e  (deg) 

0 

10 

25 

30 

40 

45 

50 

70 

80 

85 

90 

100 

110 

130 

135 

140 

150 

170 

175 

180 

T ( f t . - l b . )  a 

Rem0 t e Simula tor  
Cons o l  e Program 

0 

0 

0 

0 

0 

0 

0 

6 . 6 0 ~ 1 0 - ~  6 . 7 9 ~ 1 0 ~ ~  

5 . 1 8 ~ 1 0 - ~  5 . 2 3 ~ 1 0 - ~  

7 . 1 6 ~ 1 0 - ~  7. 20x10-6 

7 . 9 0 ~ 1 0 - ~  7 . 9 4 ~ 1 0 - ~  

5 . 1 8 ~ 1 0 - ~  5 . 2 3 ~ 1 0 - ~  

6.  ~ O X I O - ~  6 . 7 9 ~ 1 0 - ~  

0 

0 

0 

0 

0 

0 

0 

Table  7.2.4.2 

38 

Tr (ft.-lb.) 

S i m u l a t o r  
Program 

- i . 2 0 ~ 1 0 - ~  

-1. ~ o x ~ o - ~  
-1. 6 4 x 1 f 4  

- 1 . 7 3 ~ 1 0 - ~  

- 1 . 8 2 ~ 1 0 - ~  

- 1 . 8 1 ~ 1 0 - ~  

- 1 . 7 6 ~ 1 0 - ~  

-1.11~10-~ 

- 6 .  ~ O X ~ O - ~  

-4.42~10-~ 

-2. ~ O X ~ O - ~  

-7. O ~ X ~ O - ~  

-1’. 1 2 x 1 ~ - 4  

-1. 7 6 x 1 f 4  

-1.81~10-~ 

- 1 . 8 2 ~ 1 0 - ~  

-1.7 ~ x I O - ~  

-1. ~ O X I O - ~  

-1. 22x10-4 

-4 -1.20xlO 



' I  

0 
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I 

I 
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The f l o w  c h a r t s  which follow are f o r  t h e  main program and 

subrout ine “REG“ only.  

s e q u e n t i a l  computation and warrant  no flow c h a r t .  The c h a r t s  exh ib i t ed  

a r e  those of the senso r  model. The l o g i c  f o r  t he  i d e a l  model is iden- 

t i c a l ,  except  t h a t  any r e fe rence  t o  sensor  eva lua t ion  should be omitted.  

A l l  o t h e r  subrout ines  are s t ra ight-forward 
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Yain Program 

S t a r t  9 

I n i t i a l i z e  ’ 
cons tan ts  Read. da t a  

and ’ cards 
v a r i a b l e s  

+ I 

to r  que s 

c 

S e t  Time P r i n t  Input  
Optimal Flag CALL INIT 

Pos i t i on  and 
Target P o s i t i o n  - b 

Prepare f o r  
Subrout ine TOR 

I CALL TOR I 

P r i n t  Torques 

P r i n t  s ca l ed  
i n i t f a 1  cond i t ions  
Pause f o r  hybrid 
se tup  

41  
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L r J 

CALL O W  CALL REG 

_r 

CALL TOR 
CALL REG 

v 

+ t b 

I W )  J = J+1 CALL RK 
L = L+l J = O  

r A 

S imula t e 
Sensor 

G e t  Ground track 
CALL OUT 

I I 
> 

PAUS E 
GO TO START 

T y p e  New 
Print 
Frequency 

_I L 
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i 

9 
A t o  D CALL 
i d l e  REG 

i 

CALL TOR 
CALL REG 

G e t  Ground 

L = L+l 
> track 
I L 

D t o  A 
i d l e  

No 

I CALI, OUT 
NB = 0 

4 
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S e t  ALL 
Controls  to 
Zero 

Pause. 
Go To 
START 

d 
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9 ’ I = 1+1 

1 3 0  > 
Compute B 

i 

I 

Compute normal- 
i z e d  angle ,  
ra te  and 
ad jus ted  rate 

. 
Use minimum 

rate 

Yes 

No No No 
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REG - 

No No 

No No 

Compute 
R 
and 
S 

J 

Yes 
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0 
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b m 

S e t  s i g n  of U S t o r e  o l d  
angles  and 
rates -j 

1 '  

Redefine 
ETA, X ,  Y ,  
P2, P4 

d 
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0-1 TS Calcula te  & TIM 1-0 

c 

Redefine 

* - 

Calcula te  
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,' 

Calculate  
TS & TIM 

Calculate 
TS 61 TIM 

S e t  U=O 
S e t  origin 
f l a g = 2  

S e t  U=O 
TIM=O. 

_I I 
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S e t  U = 0 

. 

cfj RETURN 
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7 . 4  Progrm Listings 

Three d i s t i n c t  computer programs appea r  on the  following pages. 

The f i r s t  i s  t h e  i d e a l  model program. The second program inc ludes  several 

r e a l  e f f e c t s ,  i . e .  those  due t o  t h e  senso r s ,  s o l a r  torques and g rav i ty  

g rad ien t .  Subroutine "TOR" i n  t h i s  l i s t i n g  is  the  subrout ine  which 

eva lua tes  the  l a t e r  two q u a n t i t i e s ,  whereas i n  t h e  i d e a l  program "TOR" 

i s  a dummy subrout ine.  The t h i r d  program l i s t i n g  i s  one f o r  s imula t ing  

e l a s t i c  e f f e c t s  on t h e  s a t e l l i t e .  Because of s to rage  l i m i t a t i o n s  t h i s  

i s  simply a d i g i t a l  program, no hybrid opera t ion  being poss ib l e ,  nor 

does i t  take  i n t o  cons idera t ion  any o the r  r ea l  e f f e c t s .  
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c, 

C 
c 

C 
c 

F U L I  8 W I ) U G  IS R A N D B M  N U M B E R  G E N E H A T O R  
7 6  I A = A B S ( I A * K A )  

l A = A B S ( I P * K A )  
T 7 = F L e A T ( I A ) / C P  
T Q = S Q R T ( - 2 . * A L B G ( T l ) )  
T a I ~ . 7 A J 1 8 5 3 l * A L B t i ( T 7 )  
T n = T 9 * C B S ( T A )  

T ~ = F L B A T ( I A ) / C A  
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i 3  
S 
S 
S 
S 

1 4  
S 
S 
S 
S 

CbNT I NU€ 
FbM 0 3 4 1 1 0  
POT -034114 
F b M  0 3 4 1 1 0  
POT =034115  
G U  i e  i s  
CCINT I NUE 
FOM 0 3 4 1 1 0  
PUT S O 3 4 1 0 4  
FUM 03~iia 
PbT t o 3 4 1 1 5  

P R I N T  ino 
RETURN 

FORMAT ( 1 4 H  T I M I N G  IS CtFF 1 
RETURN 
FNn 
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7.5  SiKluZaLfon Model For Analog Computer 

Equat i ons of Motion 

The equat ions of motion f o r  t h e  s a t e l l i t e  r o t a t i o n a l  dynamics 

arc  w r i t t e n  

where B i  and Ti represent  lumped c o n t r o l  and d i s tu rbance  torques 

re spec t i v e  l y  . 
The Euler  r a t e  t ransformation equat ions f o r  t h e  r o t a t i o n a l  

sequence 0 ,  -Y, cp (p i tch ,  -yaw, r o l l )  a r e  w r i t t e n  

when small angle approximations (cos x=1, s i n  x=x) a r e  u s e d  for 

the  ang le s  8 ,  - Y ,  and 'p. 

Lumped Control  Torque 

For t h e  case of no t h r u s t o r  misalignment t h e  lumped c o n t r o l  

to rques  B,, 4,  and B3 a re  w r i t t e n  

B1 = (ti x d1) UI 

B2 = ( t 2  x d2) ua 

B3 = ( t g  x d3) ~3 

(7.5.1) 

(7.5.2 1 

( 7 . 5 . 3 )  

( 7 . 5 . 4 )  

(7.5.5) 

( 7 . 5 . 6 )  

( 7 . 5 . 7 )  

(7.5.8 ) 

(7 .5 .9  1 
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where ,  

m e r .  e a c h  

1 (4) t h r u s t  

2 ;  = < 0 “ C  t h r u s t  I-1 (-1 t h r u s t  

t = t h r u s t  i 

d i  moment arm. 

E t h e  six a t t i t u d e  co:itro je t s  (+ p i t c h ,  + yaw, 2 ro l l )  - 
c a n  be m i s a l i g n e d  i n  e i ther  aximuth (Q) or e l e v a t i o n  (e )  t h e  

e q u a t i o n s  f o r  B must be r e w r i t t e n .  i 
+ + +  
11 b12 b31 

+ + +  
31 b32 b33 

+ 7.5.10 

where ,  

b . t  = m i s a l i g n m e n t  c o e f f i c i e n t s  f o r  (+) t h r u s t o r s  
1 J  

bi; 
= m i s a l i g n m e n t  c o e f f i c i e n t s  f o r  (-1 t h r u s t o r s  

E q u a t i o n  (10) c a n  be expanded t o  

+ b i j  -) is t h e  m i s a l i g n m e n t  c o e f f i c i e n t  for u- +1 or  ( 0 )  where ( b i j  

u- -1. 

+ 
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Lumped Disturbance Torque 

The lumped d i s tu rbance  torques  Ti  represent  t o t a l  d i s tu rbance  

a c t i n g  on t h e  s a t e l l i t e .  In  genera l  t h i s  is the  sum of t h e  g rav i ty  

gradient  torque and s o l o r  p re s su re  torques .  

Thrus tor  Real E f f e c t s  (TRE) 

The s imulat ion of t he  Thrus tor  Real E f f e c t s  r e q u i r e s  t h r e e  

separa te  t i m e  cons t an t s  f o r  each  of t he  th ree  axes.  

cons t an t s  a r e  designated k where “ i t ’  i s  the a x i s .  j=1 i s  t h e  

r i se  t i m e  cons tan t ;  j = 2  is  t h e  s t eady  s t a t e  decay time cons tan t ;  

The time 

i j  

j=-3 i s  t h e  f a l l  t i m e  cons tan t .  

The diagram below shows a t y p i c a l  curve used fo r  t h e  TRE 

I- 
v) 
3 

I 
I- 

a 

simulation. 

I 
I Kil 
I 
I 
I 
I 
I 

tl I ‘O 
tSS t2 t3 

TIME 
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h e  1 Consumpt i on 

The f u e l  consumption is determined from the fol lowing equat ion 

This  equa t ion  can be r ewr i t t en  and sca l ed  a s  fol lows 
3 3 j [ 5 B i  x 103/IiJ1 d t .  

1 

Scaled Equat ions of Motion 

where, 
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7 . 6  Overall Hybrid Simulation 

The object ive of t he  Hybrid Simulation was t o  ga the r  

performance and des ign  d a t a  f o r  t h e  optimal a t t i t u d e  s l e w  

c o n t r o l l e r  discussed i n  P a r t s  I t h r u  V I  of t h i s  r epor t .  

I n  o rde r  t o  accomplish t h i s  o b j e c t i v e  a Hybrid Computer 

s y s t e m  was used  t o  model t h e  Optimal Control Equations,  

Disturbance Torques, S a t e l l i t e  Rotat ional  Dynamics, and 

Thrustor  Real E f fec t s .  Each of t hese  models were t i e d  

toge the r  as a t o t a l  hybrid s imula t ion  by a Digi ta l /Analog 

I n t e r f a c e .  

The optimal c o n t r o l  equa t ions  and e x t e r n a l  d i s tu rbance  

to rques  (Solar & Gravity Gradient)  were programmed on 

t h e  SDS 9300 d i g i t a l  computer. Pos i t i on  and r a t e  i n -  

formation required i n  the  optimal c o n t r o l  equat ion wcre 

generated f r o m  the  s a t e l l i t e  r o t a t i o n a l  dynamics model 

programmed on the E A 1  231R-V analog computer. The t h r u s t o r  

r e a l  e f f e c t s  were incorporated i n t o  the  analog dynamics model. 

The d i g i t a l  i n t e r f a c e  (CSE-1) and analog i n t e r f a c e  (DOS-350) 

made-up the l inkage between t h e  analog and d i g i t a l  computers. 

The d i g i t a l  i n t e r f a c e  provided A/D conversion, D / A  conversion 

and timing, The con t ro l  commands t o  the dynamics model were 

i n t e r f a c e d  through t h e  analog i n t e r f a c e .  

A S10c.k d i s g r m  of the s imulat ion h a r d m r e  and i t s  fuiwtion 

i s  shown on t he  next page. The symbols i n  t h i s  diagram a r e  

def ined i n  Sec t ion  7.5. 
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7.7 SimuZation Setup Procedures 
. I  

a .  Load d i g i t a l  program us ing  s tandard  9300 procedures.  

When loading i s  complete canputer  w i l l  PAUSE. 

b. Place t h e  d a t a  d e c k  i n  the  card  reader  and c l e a r  t he  

PAUSE. I n i t i a l  cond i t ions  f o r  bo th  the  ana log  and d i g i t a l  

computers w i l l  be ou tput  on t h e  l i n e  p r i n t e r  and computer 

w i l l  PAUSE. 

c. Se t  analog potent iometers  f o r  t h e  dynamics cons t an t s .  ( r e f .  7.8) 

d.  S e t  i n t e r v a l  timers f o r  t h e  des i r ed  sampling t i m e .  

e. Se t  up s c r i p  c h a r t  and X-Y recorders .  

f .  Place analog computer i n  I C  m o d e .  

g. Se t  analog potent iometers  and swi tches  i n  accordance with 

the p r in tou t .  ( r e f .  7 .8)  

h. Clear  d i g i t a l  PAUSE. 

i. Place analog computer i n t o  operate .  Run w i l l  now s t a r t .  



. 
7.8 Analog Patching 

This  s e c t i o n  i s  devided i n t o  four  p a r t s .  

A. I n i t i a l  Condition Setup 

B. Dynamics & Control  

C. Thrustor Misalignments 

D. Thrustor Real Effec t s  & b e l  Consumption 
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INITIAL CONDITION s u u p  
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POTENTIOMETER I VARIABLE 
REPORT . 

I NlTlAL CONDITION SET- UP 
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DYNAMICS & CONTROL 
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? 

POTENTIOMETER 

Q06 

I Q16 

t------ 

Q02 
L 

012 

Q22 

VA R I A 8 L E 

l O O O / I  1 

1000 / I2  

I O O O / I ~  

VALUE 

,4000 

.2  000 

,6000 

,2793 

.5076 

.5000 

.0067 

.64 I6 

.6440 

POTENTIOMETER SET-UP (DYNAMICS) 
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T 
3 
0 
0 
N 
U 

-1 3 

Y 



0 

n 
0 

3 
0 
In 

Y 

N 

n 
C) 
3 
0. n 

&I 

1 2 1  



n 
n 
0 

3 
Y 

rr) 

+ I 

1 2 2  



TO A 0 2  

LUMPED THRUST TORQUE 

123 



FROM 
9300 

5 T 2  X IO"]  
b TO 

\ A 12 
- F 2  X I 0  1 DT '-(5T2X10s) c 

TI33 

J 
I 

C 192-b A 2 2  To 
T I34 \I"/ 

V 

DISTURBANCE TORQUES 

1 2 4  



J c H - - k  
DOS MLG 

OPE 

0 

> 
C 

DOS MLG 
' 0 

A 0 3  TO3 

DOS MLG 

0 

0 

DOS MLG 

ATE 

0 

D/A 20 

D / A  30 

D/A 32 

D/A 21 

D/A 31 
D/A 33 

D/A 40 

D/A 42 

D/A 44 

D/A 41 

D/A 43 
D/A 45 

D / A  00 

D/A 0 2  
D/A 10 

D/A 01 

D / A  03 
D/A I I  

THRUST CONTROL LOGIC 
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. 

THRUSTOR MTSAI.fGNMENI'S 
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A 

P 3 4  

I I I 
~ 

31+ 

I POTENTIOMETER I VARIABLE I 

Q33 

Q34 

P 4 2  

P 4 3  

P44  

VALUE 

- 
21 

b -  
31 

b +  
2 2  

b 1 2 +  
b +  

3 2  

P32 b l I +  I 
P 3 3  I I b +  

21 

Q32 I I - 
I I  

I Q 4 2  I 22- I 
Q43 

~~~ 

I b -  
12 

I Q44 I 32- ' I 
P47 I b +  

33 

P48  

I P 4 9  I b 1 3 +  I 
Q47 I 

I Q48 

b -  
3 3  

23- I 
Q49 I b -  

13 

POTENTIOMETER SET-UP (MISALIGNMENT ) 

1 2 7  



THRUSTOR MISALIGNMENT 
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. 

POSITION 
SWITCH + RIGHT 

4- 

LEFT 

.A 

- b 2 1  + 12 I 
- 

+ b21 
- 

- b21 13 

+ 
- b31 

+ 
+ b31 2 2  

2 3  

3 0  - bl2‘ 
+ 

+ b12 

- 
- b 1 2  

- 
+ b  12 

+ 
- b32 

+ 
+ b32 

33 I 

4 + 
+ b23 

+ - b23 

41 

42 
+ 

- b13 
+ 

+ b13 

4 3  

SWITCH SETTINGS 
(THRUSTOR MISALIGNMENT ) 
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THRUSTOR REAL EFFECTS Sr FLJEL CONSUMYTLON 
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. *  

.. 

, TO 
A 0 2  

TO 
A 12 

T O  
A 2 2  

THRUSTER REAL EFFECTS 

1 3 1  



3 R 
5 B I  X I 0  /Il 

- 
L 

3 
5 B 2 X 1 0 / f p  R 
_A 

L 

S B 3 X I 0  3 /Ig R 
Q 
L 

-1 
I 4 I 

--------- 
r--- ABSOLUTE VALUE I 
I I  

%T 
I 
I 
I 
I 

* .  

1. 

I 
1 
I 
I 

I I [IO FC] 

I 
I 

?I; I 

I ' @  I 

I I I 
I 

i I 'B I I 

I 
I 
I 
I 
I 

100 II 
Q 2 5  = = ,0300 

dl X I S P  X 5 X IO4 

too I2 
= .0210 P 2 6  = 

d 2  X I S P  X 5 X 1 0 4  

100 13 
Q27 = = .0180 

d3X I S P  X 5 X IO4 

FUEL CONSUMPTION 

1'32 



1 VALUE 

Q 27 

Q25 .0300 

X I  X5XIO . 0 2  I O  P26  
4 

loo%d2 sp 
4 

X I  XSXlO .0180 '00x3/d3 sp 

I Q 20 I K12 I . 2 8 0 0  I 
I Q 21 I 22 I ,2800 1 
I I I 4 I Q 22 I K I I  1 ,0018 I 
I Q23 I 21 I .0018 I 
1 Q 2 4  I 31 1 .0018 1 
I Q 30 I I1 I ,0150 I 
I 931 I 21 I . O I S O  1 
I Q 35 I 31 I . 0150 I 

K 3 2  I .2800 I I PO8 I 
PO7 33 I .0750 I I 

I 
~ 

P I 7  . e 8 0 0  1 
I P20 I 12 I . 2 8 0 0  I 
I P21 I I3 I . 0 7 5 0  I 
I P25 K 2 2  I . 2 8 0 0  I 

23 I . 0 7 5 0  I I P26  I 

POT SET-UP 

( T R E  AND FUEL CONSUMPTION) 
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SWITCH SETTINGS 
( T R E  AND FUEL CONSUMPTION) 
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